The antioxidant activities of eighteen different essential oil components have been determined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicalscavenging assay, the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) radical cation assay, and the ferric reducing antioxidant power (FRAP) assay. The phenolic compounds, carvacrol, thymol, and eugenol, showed the best antioxidant activities, while camphor, menthol, and menthone were the least active. The structural and electronic properties of the essential oil components were assessed using density functional theory (DFT) at the B3LYP/6-311++G** level. Correlations between calculated electronic properties and antioxidant activities were generally poor, but bond-dissociation energies (BDEs) seem to correlate with DPPH radical-scavenging activities, and the ferric reducing antioxidant power (FRAP) assay correlated with vertical ionization potentials calculated at the Hartree-Fock/6-311++G** level.
Numerous essential oils have been investigated for their antioxidant and radical-scavenging properties [1] , including such economically important ones as celery (Apium graveolens), sweet wormwood (Artemisia annua) , black cumin (Nigella sativa), and thyme (Thymus vulgaris) [2] . A number of different assays have been used to assess the radical-scavenging / antioxidant activity of plant extracts and essential oils [1] . While these assays cannot be considered as proof of antioxidant activity, they have been used as preliminary assessments of it. In this current work, we carried out three popular assays, the DPPH radical scavenging, the ABTS radical scavenging, and the ferric-reducing antioxidant power (FRAP) assays, on several different essential oil components (Table  1) :
DPPH radical scavenging assay. In this free-radical scavenging assay, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, which forms a purple solution (λ max = 520 nm), becomes reduced when it reacts with any antioxidant that can donate a hydrogen atom, forming the yellow-colored diphenylpicrylhydrazine [3] .
ABTS scavenging ability assay. In this assay, 2,2'-azino-bis(3ethylbenzothiazoline-6-sulphonic acid (ABTS) is oxidized to its radical cation ABTS + , which is blue in color (λ max = 734 nm), with potassium persulfate. The radical scavenging capacity of antioxidants is determined when the blue ABTS + is converted back to the colorless ABTS [3b,4] .
Ferric reducing antioxidant power (FRAP) assay.
In this assay, ferric ion (Fe 3+ ) is reduced to ferrous (Fe 2+ ), which in turn forms a colored ferrous-tripyridyltriazine complex (λ max = 593 nm). The presence of an antioxidant causes the reduction of Fe 3+ to Fe 2+ , and an increase in the absorption indicates an increase in reducing power of sample tested [5] .
Both the DPPH and ABTS assays are hydrogen-atom-abstraction assays and react with hydrogen-atom-donating compounds to quench the DPPH• or ABTS• + free radicals, forming alkyl, alkoxy, or aryloxy radicals (see Figure 1 ). The radical-scavenging abilities of essential oil components may therefore be related to the bonddissociation energies (BDEs) of the compounds. Thus, for example, calculated bond-dissociation energies of flavonoids have been found to correlate with radical scavenging activities [6] . The B3LYP/6-311++G** bond-dissociation energies are summarized in Table 2 . The compound in this study with the lowest bonddissociation energy was γ-terpinene (70.7 kcal/mol), followed by eugenol. In the case of γ-terpinene, there are three potential allylic hydrogen atoms that can be abstracted, and the ring hydrogens have much lower BDEs than the isopropyl hydrogen, and H(3) is slightly Surprisingly, the BDEs for both limonene (79.4 kcal/mol) and βpinene (79.5 kcal/mol) were lower than the phenolic compounds thymol and carvacrol. The DPPH and ABTS assays, however, both indicated β-pinene and limonene to have relatively weak radicalscavenging activities. Previous radical-scavenging assays with βpinene and limonene have shown comparably low activities [8] . It may be that another mechanism is taking place in these reactions (see below).
It is not generally possible to compare antioxidant activities using the DPPH or ABTS assays with those reported in the literature. The IC 50 data depend on the reaction time, so meaningful comparisons can only be made under identical protocols [1b]. It has generally been observed that DPPH and ABTS activities do show correlation, especially with plant extracts with high polyphenolic content (correlation coefficients around 0.9) [9] . Non-polar plant extracts have shown less correlation between DPPH and ABTS activities (correlation coefficient = 0.64 for ethyl acetate extracts) [10] , and in this present work, the correlation is poorer (R 2 = 0.532). The correlation between DPPH activity and BDE is also poor (R 2 = 0.2446) and there is no correlation between ABTS activity and BDE (R 2 = 0.0351). The lack of correlation between either DPPH or ABTS activity and BDE is not unexpected. Both DPPH and ABTS assays are not simple thermodynamic assays, but are complicated by kinetic and stoichiometric effects and may also involve complex multistep reaction mechanisms [11] .
The FRAP assay should reflect the one-electron-donating ability of the essential oil components and may correlate with ionization potentials. According to Koopmans' theorem, the first ionization energy is the negative of the orbital energy of the highest occupied molecular orbital (HOMO) [12] . The Hartree-Fock/6-311++G** ionization potentials are listed in Table 2 . However, because the molecule will undergo geometrical changes upon losing an electron, a more realistic measurement would be ionization energy (i.e., the energy differences between neutral molecules and their radical cations). The ionization energies for the essential oil components were calculated at the B3LYP/6-311++G** level and are summarized in Table 2 . The compounds with the lowest calculated ionization energies were anethole (123.3 kcal/mol) and eugenol (127.8 kcal/mol) and both of these compounds showed good antioxidant activity in the FRAP assay (producing 104.8 and 1694.7 μM Fe 2+ /mg, respectively). Thymol and carvacrol also showed good activity in the FRAP assay (668.0 and 652.2 μM Fe 2+ /mg, respectively) and these aromatic compounds also had relatively low ionization energies. The FRAP assay showed little correlation with BDE (R 2 = 0.1167), but better correlation with vertical ionization potential (R 2 = 0.4044) and ionization energies (R 2 = 0.3353).
Another potential mechanism of antioxidant activity is addition of the free radical to the organic substrate to generate a free radical intermediate adduct [1b] . To explore this possibility, the essential oil components were reacted, in silico, with hydroperoxide radical to form hydroperoxy intermediates (see, for example, Figure 2 ). The enthalpies of reaction are listed in Table 2 . The only exothermic hydroperoxy addition was with anethole (ΔH r = -5.7 kcal/mol), but addition of hydroperoxy radical to β-pinene (ΔH r = 1.1 kcal/mol), limonene (ΔH r = 1.5 kcal/mol), citronellal (ΔH r = 1.5 kcal/mol), citronellol (ΔH r = 1.7 kcal/mol), and geranial (ΔH r = 1.8 kcal/mol), were only slightly endothermic. There are two different sites for hydroperoxy addition to limonene, addition to the cyclohexene at C(2) and addition to the isopropenyl group. Addition to the isopropenyl group was more favorable (ΔH r = 1.5 kcal/mol) than addition to the cyclohexene (ΔH r = 4.7 kcal/mol). With geranial, hydroperoxyl radical can add to C(2), C(3), or to C(6), with addition to C(6) the thermodynamically most favorable. There are two possible sites of radical addition to γterpinene, C(2) or C(5), neither of which will give a resonancestabilized radical. Addition to C(2) is the more favorable route (ΔH r = 7.5 kcal/mol). Note that hydroperoxyl radical addition to camphor, carvacrol, 1,8-cineole, p-cymene, menthone, menthol, thujone, and thymol are not likely to occur.
In general, correlation between any one of the antioxidant assays and any one of the calculated electronic properties of the essential oil components examined in this study is tenuous. Bonddissociation energies seem to correlate better with the DPPH radical-scavenging assay than with the ABTS assay. The ferric Antioxidant activities of essential oil components Natural Product Communications Vol. 10 (1) 2015 155 reducing antioxidant power (FRAP) assay correlated better with vertical ionization potentials than with ionization energies. It is likely that more than one antioxidant mechanism is operating and this may account for the lack of correlation. Ruberto and Baratta have carried out antioxidant assays on numerous essential oil components using the thiobarbituric acid reactive species (TBARS) method and the linoleic acid hydroperoxydiene assay [13] . The TBARS antioxidant data from Ruberto and Baratta do show some correlation with the FRAP data in this present work (R 2 = 0.2911), as well as with calculated VIP (R 2 = 0.3357), but less correlation with BDE or IE (R 2 = 0.2508 and 0.2134, respectively). In conclusion, the DPPH, ABTS, and FRAP assays, as well as computational BDE, VIP, and IE values should only be used as initial qualitative methods to assess radical-scavenging or antioxidant activities. 
Experimental

Essential oil components:
The essential oil components in this study were obtained commercially (Fluka, Riedel de Haen, Aldrich, Roth) at the highest purity available and were used as received without further purification. The essential oil components were stored under refrigeration (5C) until analyzed.
DPPH radical scavenging assay:
The antioxidant activities of the essential oil components were assessed by measuring their ability to scavenge DPPH radicals [14] . One hundred μL of extracts (diluted in methanol in a concentration range 1 to 100000 µg/mL) was mixed with 100 μL of 0.2 mM DPPH in methanol in wells of a 96well plate. After 15 min, 2.5 h, and 20 h at room temperature, the absorbance of the samples was recorded. The color changes were recorded spectrophotometrically at 515 nm using a microplate reader (Biochrom Asys UVM 340). Appropriate blanks (methanol) and standards (ascorbic acid in methanol) were run simultaneously.
Each assay was carried out in triplicate. This method follows closely that used by previous workers [14, 15] . The inhibitory activity (in %) was calculated by using the following expression:
DPPH scavenging (%) = 100 × [(Abs sample + DPPH) -(Abs sample blank)]/[(Abs DPPH) -(Abs methanol)].
Concentrations of essential oil components that cause 50% scavenging (IC 50 ) were calculated from the graph in which scavenging activity (in %) was plotted against the corresponding essential oil concentration.
ABTS radical scavenging assay:
The ABTS •+ free radical was prepared by dissolving 38 mg ABTS reagent in 10 mL deionized purified water (final concentration was 7.0 mM). Then 6.5 mg potassium persulfate was added to the ABTS •+ solution and allowed to react for 16 h to form the stable ABTS •+ radical cation. The ABTS •+ solution was further diluted with water to obtain a final absorbance value between 2.0 and 2.4 at 645 nm. A 20 mM Trolox solution was prepared in absolute ethanol as a positive control. A 96-well microplate was loaded with 100 μL of the essential oil components (dissolved in methanol in concentration ranges 1-100000 µg/mL) or Trolox or water blank to which 100 μL of ABTS •+ solution was added. The absorbance was measured at 645 nm using a Biochrom Asys UVM 340 Microplate Reader (Biochrom company). Each assay was carried out in triplicate. This method follows closely that used by previous workers [16] . The inhibitory activity was calculated as for the DPPH assay.
Ferric reducing antioxidant power (FRAP) assay:
For determination of FRAP response, 20 μL of compound diluted appropriately in DMSO was mixed with 180 μL FRAP reagent in wells of a 96-well plate, left for 6 min, and the absorbance measured at 595 nm in a microplate reader. FRAP reagent was prepared freshly by mixing 300 mM acetate buffer pH 3.6, 10 mM tripyridyltriazine in 40 mM HCl, and 20 mM FeCl 3 •6H 2 O in the volume ratio 10:1:1. FRAP working solution was warmed at 37 o C for 30 min prior to the assay. FeSO 4 (1200 µM-6.25 µM) was used to generate the standard curve. FRAP values were expressed as µM Fe (II)/mg of samples.
Computational methods
Ab initio quantum chemical calculations: All calculations were performed using the Spartan '14 program package [17] . The hybrid B3LYP functional [18] and the 6-31+G* basis set [19] were used for conformational analyses and geometry optimization. Singlepoint energy calculations and computation of harmonic vibrational frequencies using the 6-31+G* optimized geometries were performed with the 6-311++G** basis set for both parent molecules and their corresponding radicals in order to characterize all of their conformations as minima or saddle points and to evaluate the zeropoint energy (ZPE) corrections. All reactions and activation enthalpies reported are zero-point (ZPE) corrected with unscaled frequencies, but with no thermal corrections; they are, therefore, ΔH (0K) . Aqueous solvation energies were determined using the empirical SM8 model [20] . The molecular orbital energies and vertical ionization potentials were determined using single-point calculations with the Hartree-Fock molecular orbital method at the 6-311++G** level using the B3LYP/6-31+G* geometries.
